Based on the CLASH Neural Network (CLASH NN), a new 16-parameter overtopping estimator (Q6) is developed for conventional mound breakwaters with crown wall, both with and without toe berm. Q6 is built-up using the overtopping estimations given by the CLASH NN and checked using the CLASH database. Q6 is compared to other conventional overtopping formulas, and the Q6 obtained the lowest predicting errors. Q6 provides overtopping predictions similar to the CLASH NN for CMBW but using only six explanatory dimensionless variables (Rc/Hm0, Ir, Rc/h, Gc/Hm0, Ac/Rc and a toe berm variable based on Rc/h) and two reduction factors (γf and γβ).
Introduction
The European CLASH Project (2001 Project ( -2003 collected data from 10,532 overtopping tests, conducted in a number of laboratories (see Verhaeghe et al., 2003 and Van der Meer et al., 2009 ) and corresponding to a variety of coastal structures. An overtopping predicting model based on artificial neural networks, described by Van Gent et al. (2007) , was developed using most of the CLASH database. The CLASH NN is able to predict the mean overtopping discharge and the associated confidence intervals for almost any type of coastal structure. The CLASH NN is routinely used by consultants in the preliminary stage of breakwater design and by scientists in small-scale experiments. Fig. 1 illustrates the 15 structural and environmental input parameters which define a general case for the CLASH NN. Variables given in Fig. 1 and Fig. 2 are defined as follows: Rc is the crown wall freeboard; Ac is the armor crest freeboard; Gc is the armor crest berm width; cotαd is the slope of the structure downward from the berm; cotαu is the slope of the structure upward from the berm; B is the width of the berm; cotαb is the slope of the berm; hb is the water depth on the berm; h is the water depth in front of the structure; ht is the water depth at the toe of the structure; Bt is the width of the toe berm; β is the angle of wave attack; Hm0=4(m0) 1/2 is the significant wave height at the toe of the structure; T-1,0=m-1/m0 is the mean spectral wave period at the toe of the structure, being mn the n th spectral moment, and γf is the roughness factor of the armor layer. This research focuses on conventional mound breakwaters (CMBW) with crown walls and with and without toe berms, corresponding to the cross-section depicted in Fig. 2 . This is the most common typology for mound breakwaters, especially when concrete armor units are used. Molines and Medina (2015) compared different overtopping estimators and found that the CLASH NN performed better in comparison to other estimators; however, it is a "black-box" which does not clarify how overtopping is affected by specific explanatory variables. This paper describes a methodology to build-up a new and explicit overtopping formula which can provide predictions for CMBW in non-breaking conditions. The new formula Q6 estimates overtopping almost as well as the CLASH NN, but without being a "black-box". Q6 provides explicit descriptions of the relationships between input variables and the overtopping rate on CMBW and allows for a better understanding of how specific structural and wave characteristics influence wave overtopping. The formula was obtained from systematic simulations using the CLASH NN, and it was validated with the test results of the CLASH database corresponding to the CMBW typology. This paper is structured as follows. A technical overtopping background is given first. Secondly, the structural and environmental variables affecting overtopping on CMBW are described as are the tests extracted from the CLASH database. Thirdly, the methodology to build-up the formula corresponding to the CLASH NN is explained in detail. Fourthly, the confidence intervals of the new formula are calculated. Fifthly, a sensitivity analysis is conducted and the influence of the breakwater geometry on overtopping is highlighted. Sixthly, different overtopping formulas given in the literature are compared with the new Q6 and the neural network overtopping estimator. Finally, general conclusions are drawn. USACE (2002) listed numerous overtopping formulas, dimensionless overtopping discharge and dimensionless input variables described in the literature, including those by Owen (1980) , Aminti and Franco (1988) , Bradbury and Allsop (1988) , Van der Meer and Janssen (1994) and Pedersen (1996) .
Overtopping formulas
In the general exponential model given by Eq. (1), the dimensionless overtopping variable Q=q/[gHm0 3 ] 1/2 and the dimensionless input variable R=Rc/Hm0 appear to be the dimensionless variables most often used in recent studies on wave overtopping.
( )
where A1 and A2 are empirical coefficients provided in the literature; Q is the dimensionless mean overtopping discharge, R is the dimensionless crest freeboard, q is the mean overtopping discharge per meter structure width and g is the gravity acceleration.
Eq. (2) was proposed by Van der Meer and Janssen (1994) to estimate wave overtopping on dikes in non-breaking conditions. Eq. (2) 
where B1 = 0.2; B2 = 2.6; γf and γβ are reduction factors to account for the effect of the slope roughness and the oblique wave attack, respectively. Eq. (2) is a simple and robust formula with only two parameters. The corresponding ranges of application for the slope angle, relative crown wall freeboard and Iribarren's number in Eq. (2) are as follows: 1.0 < cotα < 4.0; 0.5 < Rc/Hm0 < 3.5 and Irp= tanα/[2πHm0/gTp 2 ] 1/2 > 2. The reliability of Eq. (2) is expressed by considering B2 = 2.6 as a normally distributed random variable N(2.6, 0.35 2 ).
EurOtop (2007) suggested using Eq. (2) to calculate an initial approximation to overtopping discharge and then correct this first estimation with Eqs. (3a) and (3b) proposed by Besley (1999) if Gc>3Dn50 (where Dn50 is the armor unit equivalent cube size length or nominal diameter).
where Cr is the reduction factor; C1 = 3.06, and C2 = 1.5. Eq. (3a) was derived by Besley (1999) to correct the estimations given by Owen (1980) for rock slopes and Rc=Ac. Besley (1999) reported that Eq. (3a) can be conservatively applied to other permeable structures.
For cube-and Cubipod®-armored CMBW, Smolka et al. (2009) proposed the following overtopping formula: where E1=2. 08; E2=1.51; E3=0.6396; E4=0.7085; E5=11.4897; E6=0.86; E7=6.18; E8=3.21; E9=3.1; E10=6.05; E11=2.63 and s0p=Hm0/L0p is the wave steepness using L0p=gTp 2 /(2π). The ranges of application of Eq. (5) are given in Table 1 . Van der Meer and Bruce (2014) proposed modifying the QVMJ formula to estimate overtopping on sloping structures in non-breaking conditions, valid in a wider range of application, Rc ≥ 0:
where F1=0. 09, F2=1.5, and F3=1.3 . Van der Meer and Bruce (2014) noted that Eq. (6) provides overtopping discharge estimations similar to Eq. (2), but better estimations for low and zero crown wall freeboards (Rc/Hm0<0.5). The reliability of Eq. (6) is expressed by considering F1 = 0.09, as a normally distributed random variable N(0.09, 0.013 2 ) and F2 = 1.5 as N(1.5, 0.15 2 ).
Van Doorslaer et al. (2015) analyzed the influence of crest modifications to reduce wave overtopping of non-breaking waves over a smooth dike slope, deriving several correction factors to be applied to an Eq.(2)-type overtopping estimator. Molines and Medina (2015) analyzed different overtopping estimators for CMBW and found that the CLASH NN estimator had a far superior performance compared to Eqs. (2) to (4) and Eq. (6); a methodology was given to estimate the γf for a specific formula and database, providing the optimum γf to be considered when using different overtopping estimators. Simple empirical formulas with few parameters require the roughness factor (γf) to account for structural and wave information which is not explicitly included in the formula. 
Explanatory variables affecting overtopping on CMBW
In this paper, we considered the 11 input variables of the CLASH NN for CMBW ( Fig. 2 ) and selected 7 dimensionless variables as candidates which may significantly influence overtopping discharge on CMBW:
1. Rc/Hm0 (dimensionless crown wall freeboard) is the most common and widely accepted dimensionless variable which mainly controls the overtopping discharge. The effects of roughness slope and oblique waves are usually considered using the roughness factor (γf≤1.0) and obliquity factor (γβ≤1.0), respectively; γf and γβ, are used as reduction factors in the significant wave height as Rc/(γf γβ Hm0). The higher the γf or γβ, the higher the overtopping rates. The CLASH EU-Project identified different white spots such as the effect of wave obliqueness, short-crested waves and directional spreading (s) on overtopping. Lykke-Andersen and Burcharth (2004 and ) conducted specific tests on cube and rock armored mound breakwaters within the CLASH EU-Project to derive the γβ for short-crested (s>0) and longcrested waves (1/s=0).
2.
Ir= tanα/[2πHm0/gT 2 -1,0] 1/2 (Iribarren's number or breaker parameter using Hm0 and T-1,0 at the toe of the structure) is a variable widely used in coastal engineering. Ir takes into account the influence of wave steepness and structure slope angle, determining the type of wave breaking on the slope. The influence of wave steepness, slope angle or Ir on overtopping were reported by Pedersen (1996) , Hebsgaard et al. (1998) and Medina et al. (2002) , among others. Bruce et al. (2009) concluded that γf increases with Ir and thus Ir affected the overtopping rates.
In the present study, wave steepness and slope angle were analyzed separately to determine if
Ir reasonably integrates the influence of both variables on the overtopping discharge.
3.
Rc/h (relative water depth) is a variable which relates the crown wall freeboard with the water depth. It was used by Molines et al. (2012) to study wave overtopping on CMBW during construction. This variable includes the information about the water depth, which can be valuable for overtopping estimations of CMBW with deep armors, such as those existing during the construction phase.
4.
Gc/Hm0 (relative armor crest berm width) is a variable which considers the armor crest berm width of the breakwater. It was used by Besley (1999) and recommended by EurOtop (2007) in the reduction factor Cr given by Eq. (3a). Wide crest berms lead to high energy dissipation and hence a low overtopping discharge.
5.
Ac/Rc (relative armor crest freeboard) is a variable to relate the armor crest freeboard with the crown wall freeboard [used by Smolka et al. (2009)] . High values for Ac mean high crests which lead to high energy dissipation and thus a low overtopping rate.
6.
Bt/Hm0 (relative toe berm width) is a variable describing the toe berm width, which may influence overtopping discharge.
7.
ht/Hm0 (relative toe depth) is a variable used in the CMBW design rules given by Grau (2008) . This dimensionless variable is related to the depth of the toe berm, which may influence overtopping discharge.
Overtopping tests considered in the present study
Two sets of data corresponding to CMBW were considered from the CLASH database For perpendicular wave attack (β=0 o ), the data filter applied was the same as that detailed by Molines and Medina (2015) : β=0 o ; cotαd=cotαu=cotα; 1.19 ≤cotα ≤ 4; B=0; tanαb=0; hb=0; CF (Complexity Factor)=1; RF (Reliability Factor)≤2; non-breaking conditions and Q>10 -6 .
Additionally, the Cubipod® tests conducted by Smolka et al. (2009) were analyzed in the present study. 1,307 tests corresponding to CMBW were considered. In the present study, CLdata refers to the 1,307 measured overtopping discharges of tests with β=0 o and NNdata to the 1,307 predicted overtopping discharges by the CLASH NN of tests with β=0 o . The ranges of the variables for CMBW derived from the selected tests are specified in Table 1 , together with the applicability range of the formula given herein. were not used when building-up the estimator Q6, which was calibrated only with tests with β=0 o . Tests with oblique wave attack were only used for the final estimator Q6.
The relative Mean Squared Error (rMSE) of log Q is a dimensionless MSE, similar to that used in Van Gent et al. (2007) for the CLASH NN estimator, and is used in this study to measure the goodness of fit: where "e" refers to the overtopping estimator; Qe and Qo are the estimated and target dimensionless mean overtopping rate, respectively; N is the total number of data; i is the data index (i=1,2,….,N); WF is the weight factor depending on the Reliability Factor given in Table 2 as specified in the CLASH EU-Project (see Van Gent et al., 2007) . Table 2 . Weight Factor dependent on the Reliability Factor.
The rMSE falls in the range 0%<rMSEe(log Qo)<100%, indicating the proportion of variance of the data (log Qo) which is not explained by the estimator "e". Fig. 3 illustrates the performance of the CLASH NN estimator with the roughness factor given by Molines and Medina (2015) for the ranges of applications given by Table 1 . The low rMSE=8.1%
indicates that the CLASH NN estimator accurately predicts the overtopping rates on CMBW with β=0 o given in CLASH database; these predictions are abbreviated as NNdata.
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Methodology

General outline
The methodology described herein was used to obtain an explicit formula from the CLASH NN model, and it is similar to the methodology used by both Medina et al. (2002) to predict overtopping, and Garrido and Medina (2012) to estimate the coefficient of reflection of Jarlantype breakwaters. The methodology does not guarantee the exact same result when using the same database and explanatory variable list, but it does provide an explicit formula which may successfully emulate the neural network "black-box" estimator.
The new neural network-derived explicit formula was built-up by consecutively introducing each dimensionless variable Xj (j=1, 2, etc.) given in (2).
Secondly, overtopping simulations were carried out with the CLASH NN varying X2 = Ir and using constant values of X1 and X3 to X7. The qualitative analysis of a graphic representation of the neural network overtopping simulations (QCLNN) allowed for the recommendation of an estimator Q2 = Q(X1, X2). Parameters were calibrated to minimize (1) rMSEQ2 (CLdata), (2) rMSEQ2 (NNdata) and (3) Fig. 4 gives a flow-chart to summarize the methodology used for this study. where a1 = -1.6 and b1 = -2.6. The roughness factor was taken initially as the best fitted value for the CLASH NN model given by Molines and Medina (2015) , so for the final estimator Q6, the γf was then derived specifically following their methodology.
Lykke-Andersen and Burcharth (2009) In the present study, Eq. (8) was considered the initial formula to predict mean overtopping discharge on CMBW; rMSEQ1 (CLdata) = 41.2% and rMSEQ1 (NNdata) = 42.2%. Fig. 5 
where λj is the j-th explanatory term corresponding to the variable Xj (j=2 to 7). The predicted overtopping discharge increases if λj<1 (ln(Q1)<0).
Iribarren's number, X2=Ir
The Iribarren number or breaker parameter, Ir=tanα/[2πHm0/gT 2 -1,0] 1/2 , depends on two independent dimensionless variables: (1) armor slope angle (α) and (2) deep water wave steepness (Hm0/L0,-1= [2πHm0/gT 2 -1,0]) with Hm0 and T-1,0 measured at the breakwater toe. To determine the influence of each variable, two sets of simulations were considered: one varying the armor slope (Fig. 6a ) and the other varying wave steepness (Fig. 6b ).
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1.E-01 1.E+00 2.5 3 3.5 4 4.5 5 5. (Fig. 7b ) was found to be a better descriptor than that obtained using only Ir (Fig. 7a) . The overtopping prediction of Q2 is given by: 1/2 ) is a relevant variable to explain the mean overtopping discharge on CMBW; the higher the Ir, the higher the overtopping discharge. The predicted overtopping discharge increases if λ2<1 (ln(Q1)<0). Fig. 8a is a graphic representation of overtopping simulations using the CLASH NN. The lower the X3=Rc/h, the greater the impact on overtopping. The explanatory term λ3 is represented in (a) (b)
Dimensionless water depth, X3=Rc/h
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Figure 8. Influence of Rc/h on overtopping: (a) CLASH NN model and (b) λ3 term.
The overtopping prediction of Q3 is given by:
where a3 = 1.0; b3 = 2.0 and c3 = -35; rMSEQ3 (CLdata) = 24.7% < 26.1% = rMSEQ2 (CLdata) and rMSEQ3 (NNdata) = 20.4% < 21.8% = rMSEQ2 (NNdata). Eq. (11) significantly improves the overtopping prediction of Eq. (10) when 0.09 < Rc/h < 0.13; however, its effect is not significant (Q3≈Q2) if Rc/h>0.13. Only 10 % of the CLdata fall in the range 0.09 < X3=Rc/h < 0.13. In the final formula X3=Rc/h was considered because it significantly decreased rMSEQ2 (CLdata) and rMSEQ2 (NNdata). The predicted overtopping discharge increases if λ3<1 (ln(Q1)<0).
Dimensionless armor crest berm width, X4 = Gc/Hm0
Fig. 9a is a graphic representation of overtopping simulations using the CLASH NN. The higher the X4=Gc/Hm0, the greater the impact on overtopping. The explanatory term λ4 is represented in Fig. 9b . Eq. (12) gives the overtopping prediction of Q4, which considers the influence of the relative armor crest berm width:
( ) where a5 = 0.85 and b5 = 0.15; rMSEQ5 (CLdata) = 16.9% < 21.4% rMSEQ4 (CLdata) and rMSEQ5 (NNdata) = 10.6% < 16.2% = rMSEQ4 (NNdata). Eq. (13) improves the overtopping prediction given by Eq. (12). X5 = Ac/Rc is a relevant variable to explain the mean overtopping discharge on CMBW; the higher the ratio Ac/Rc, the lower the overtopping. The predicted overtopping discharge increases if λ5<1 (ln(Q1)<0).
Dimensionless toe berm: X6 = Bt/Hm0 and X7 = ht/Hm0
The CMBW with concrete armor units usually has a toe berm with X7 = ht/Hm0 around 1.5 (see Grau, 2008) . In the CLASH database, toe berms are controlled by Bt and ht: if there is no toe berm, Bt = 0 and ht = h. Two sets of simulations were conducted varying X6 = Bt/Hm0 and X7 = ht/Hm0, respectively. The CLASH NN predictions were sensitive to the presence of a toe berm (Bt>0). In the CLdata, 80% of the data represented CMBW without a toe berm (Bt=0). Fig. 11b .
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1.E+00 If there is a toe berm (Bt >0), X3=Rc/h was a relevant variable to explain the overtopping prediction of the CLASH NN. The influence of the toe berm is described by:
where a6 = 1.2; b6 = -0.5 and c6=d6=1; rMSEQ6 (CLdata) = 13.6% < 16.9% = rMSEQ5 (CLdata) and rMSEQ6 (NNdata) = 6.9% < 10.6% = rMSEQ5 (NNdata). Eq. (14) improves the overtopping prediction of Eq. (13). Toe berm slightly reduces the overtopping discharge. The predicted overtopping discharge increases if λ6<1 (ln(Q1)<0).
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Explicit overtopping formula for CMBW Eqs. (8) to (14) can be used to define an explicit overtopping formula valid for CMBW in the ranges specified in Table 1 . Eq. (15) integrates Eqs. (8) to (14). The predicted overtopping discharge increases if λj<1 (ln(Q1)<0).
where: The influence of oblique wave attack was introduced using the obliquity factor γβ given by Lykke-Andersen and Burcharth (2009) for rough slopes and validated in next section. Values for aj, bj, cj and dj are specified in Table 3 .
Order ( According to Molines and Medina (2015) , each formula must provide a list of roughness factors, since γf depends on the formula and the database used to calibrate the parameters for each one. Table 4 gives the roughness factors used in this paper. Using the γf given in Table 4 , rMSEQ6 (CLdata) = 12.1% and rMSEQ6 (NNdata) = 5.1% are slightly different from the values 13.6% and 6.9% obtained using the best fitted γf for the CLASH NN model reported by Molines and Medina (2015) . Table 4 . Roughness factor (γf) used in this paper.
Eq. (15) has 16 parameters plus 14 roughness factors calibrated with 1,307 data (CLdata). In order to determine the uncertainty associated when using Eq. (15), it is convenient to calculate the final prediction error (FPE). The FPE takes into account not only MSE, but also the number of free parameters used in the formula and the number of data for calibration. According to Barron (1984) , the final prediction error is FPE = MSE(1+2P/(N-P)); in this case, N=1,307 and P=(16+14)=30. The relative final prediction error (rFPE) is given by:
where rMSE is the relative mean squared error given by Eq. (7); P is the number of calibrated parameters, and N is the number of data used for calibration. Therefore, one should expect rMSE to be similar to rFPE = 12.1%*(1+2*30/(1,307-30)) = 12.7% when applying Eq. (15) to any new data not included in CLdata, i.e. data not used to calibrate parameters.
In contrast, the CLASH NN is a "black-box" with 500 neural networks having 320 parameters each and trained with 8,372 data (extracted from the CLASH database). The complexity of the neural network structure makes it difficult to determine the rFPE. It is not possible to apply Eq.
(16) to the CLASH NN to estimate rFPE because bootstrapping was used to develop the neural network model, and the neural network parameters may be correlated.
Confidence intervals for the overtopping formula
The confidence intervals for the overtopping formula Q6 given by Eq. (15) were calculated from CLdata. Owen (1980) as well as Victor and Troch (2012) assumed that the logarithm of dimensionless overtopping discharge follows a Gaussian distribution with constant variance. In this paper, the variance was not considered as constant. To characterize the variance, it was necessary to analyze the errors (ε 2 =WF(lnQ6-lnQ [CLdata] ) 2 ) of the overtopping predictions from Eq. (15), where WF is the weighting factor given in Table 2 . Assuming a Gaussian error distribution, the errors were ordered from the lowest to the highest value and grouped into sets of consecutive 50 data. To characterize the variance of the errors, the FPE=MSE*(1+2*30/(1,307-30)) for each 50 data group was calculated, resulting in higher FPE when ln Q6 decreased. Thus, the error (ε) may be considered Gaussian-distributed with zero mean and variance estimated by FPE:
The 5% and 95% percentiles for the Q6 overtopping estimator, given by Eq. (15) Fig. 12a shows the 90% confidence interval for the overtopping estimator Q6 compared to 1,307 CLdata (black circles, β=0 0 ) and 561 CLASH oblique wave data (red crosses, 10 0 ≤β≤60 0 ). Fig. 12b compares the overtopping estimator Q6 to 1,307 NNdata (black circles, β=0 0 ) and 561 CLASH oblique wave data (red crosses, 10 0 ≤β≤60 0 ).
The predictions of the overtopping estimator Q6 are accurate, especially in the range of high overtopping discharge, with a narrow 90% confidence interval. When applying Q6 with γf given in Table 4 and γβ given by Eq. (15g), Figure 12 .a shows good agreement for both perpendicular and oblique wave attack. One should note that oblique wave data were not used to build-up or calibrate Q6; however, Lykke-Andersen and Burcharth (2009) did use these data to calibrate γβ given by Eq. (15g).
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(b) (a) Sensitivity analysis and applications of Q6
The influence of the explanatory terms λi (Xi), i=2 to 6, given in Eq. (15), on the original CLdata are analyzed here. Table 5 shows the maximum, minimum and coefficient of variation (CV) for each λi (Xi), i=2 to 6. The λ2 (Ir) and λ4 (Gc/Hm0toe) have a greater influence on the overtopping rate than λ3 (Rc/h), λ5 (Ac/Rc) and λ6 (toe berm). The influence of λ3 (Rc/h) is the lowest because its effect is only significant for deep armors (during construction phase). Fig. 13 to reduce overtopping discharge in the initial design: (1) higher structure freeboard (both Rc and Ac); (2) higher crown wall freeboard (Rc); (3) higher armor crest freeboard (Ac) and (4) wider armor crest berm (Gc). Fig. 13 illustrates the effectiveness of each scenario, being the most effective an increase in the structure freeboard (Rc and Ac) followed by increasing only the crown wall freeboard (Rc).
1.E-01 The effectiveness for each scenario given in the previous analysis does not take into account the cost of each geometrical change. A cost-effective change would require considering simultaneously the overtopping-reduction effectivity and the cost associated with each alternative, which would be dependent on the construction site and the logistical constraints.
Comparison to overtopping estimators given in the literature
Wave overtopping predictors were compared using the same CLdata and NNdata. Each estimator was used with the optimum roughness factor, γf, given in Table 4. Table 6 indicates the reference, overtopping model, number of parameters, explanatory variables, rMSE calculated using Eq. (7) on CLdata and NNdata and rFPE calculated using Eq.(16) on CLdata.
rMSE measures the goodness of fit of overtopping estimators to the target data. However, when comparing different overtopping estimators, it is better to use rFPE, which measures the expected error for new data not used during calibration. rFPE considers the rMSE, the number of parameters of each estimator and the number of data used for calibration.
Considering the results given in Table 6 , Q6 shows a behavior similar to the CLASH NN, but provides explicit relationships between explanatory variables and overtopping. Q6 has the lowest rFPE and hence it is the best estimator. QVMB provided the highest rFPE, but one should take into consideration that the CLASH tests selected for this study (CLdata ranges given in Table 1 ) fall in the range 0.52<Rc/Hm0<3.75. Therefore, using QVMB does not take advantage of its better performance for zero and low crown wall freeboard cases (0.00<Rc/Hm0<0.50).
Reference Overtopping 
Conclusions
This paper describes a methodology to build-up a CLASH neural network-derived formula and confidence intervals to estimate mean overtopping discharge on conventional mound breakwaters. The new formula explicitly includes six explanatory dimensionless variables (Rc/Hm0, Ir, Rc/h, Gc/Hm0, Ac/Rc and a toe berm variable based on Rc/h) and two reduction factors (γf given in Table 4 and γβ given by Lykke-Andersen and Burcharth, 2009 ).
The 16 parameters of the new overtopping estimator Q6 given by Eq. (15) were calibrated to minimize: (1) rMSE corresponding to overtopping measurements given in the CLASH database (CLdata), (2) rMSE corresponding to overtopping predictions given by the CLASH neural network (NNdata) and (3) the number of significant figures. The final result is a consistent and robust overtopping formula which reasonably emulates the CLASH neural network predictions for conventional mound breakwaters, with rFPEQ6 (CLdata) = 12.7%. The 90% confidence interval for the overtopping estimations of Q6 is given by Eq.(18). The influence of short-crested and long-crested oblique waves on overtopping was introduced using Q6 with the correction factor (γβ) developed within the CLASH EU-Project valid for rough slopes and β≤60 o .
A sensitivity analysis was carried out to determine the effect of conventional mound breakwater geometrical changes on overtopping discharge. Four different scenarios were considered for an initial design: (1) higher structure freeboard (Rc and Ac); (2) higher crown wall freeboard (Rc); (3) higher armor crest freeboard (Ac) and (4) wider armor crest berm (Gc). A simultaneous increase in both Rc and Ac was most efficient to decrease overtopping discharge followed by increasing only the Rc. A cost analysis should be carried out for each specific conventional mound breakwater to determine the most cost-effective geometrical change to reduce overtopping, because geometrical changes in different variables may lead to considerable differences in cost, depending on the construction site and logistical constraints.
Q6 describes explicit relationships between input variables and overtopping discharge and hence it facilitates use in engineering design to identify cost-effective solutions and to quantify the influence of variations in wave and structural parameters.
Compared to other overtopping models, Q6 provides excellent results using CLdata and NNdata. The predictions of Q6 are reasonably accurate for conventional mound breakwaters in the design phase. The new overtopping formula Q6, valid for conventional mound breakwaters in non-breaking conditions, gives overtopping predictions similar to those provided by the CLASH neural network; rMSEQ6 [NNdata] = 5.1%. The CLASH neural network does provide slightly better estimations; however, it is a "black-box". By contrast, the new formula explicitly describes the influence of the γf, γβ and the six dimensionless variables on dimensionless overtopping (Q). Overtopping discharge on conventional mound breakwaters is greater if (1) Rc/Hm0 decreases; (2) Ir increases; (3) Rc/h increases; (4) Gc/Hm0 decreases, or (5) Ac/Rc decreases. The overtopping discharge is somewhat lower when placing a toe berm (Bt>0).
Additionally, the higher the γf or γβ, the greater the overtopping discharge.
